A comparative proteomic approach was used to assess the protein expression profile in the liver of 34 days old pikeperch larvae fed from day 10 post hatching, with three isoproteic and isolipidic formulated diets varying by their phospholipid (PL) contents (% dry diet weight): 1.4% (PL1), 4.7% (PL5) and 9.5% (PL9). Using 2D-DIGE minimal labelling of liver extracts, we were able to show 56 protein spots with a differential intensity (p < 0.05) depending on the dietary PL content. Among these spots, 11 proteins were unambiguously identified using nanoLC-MS/MS tandem mass spectrometry. In the PL9 larvae, our results indicate that the glycolytic pathway could be down-regulated due to the under-expression of the fructose biphosphate aldolase B and the phosphoglucomutase 1. Meanwhile, propionyl coenzyme A carboxylase (a gluconeogenic enzyme) was under-expressed. In addition, another gluconeogenic and lipogenic enzyme, pyruvate carboxylase, was identified in 3 different spots as being under-expressed in fish fed with the intermediate PL level (PL5). A high PL content increased the expression of sarcosine dehydrogenase, an enzyme involved in methionine metabolism, along with vinculin, a structural protein. Moreover, several stress proteins (glutathione S-transferase M, glucose regulated protein 75 and peroxiredoxin-1) were modulated in response to the dietary PL level and fatty acid composition. In the larvae fed with the lowest dietary PL content (PL1), over-expression of both GSTM and GRP75 might indicate a cellular stress in this experimental treatment, while the under-expression of Prx1 might indicate a lower defence against oxidative stress. In conclusion, this nutriproteomic approach showed significant modifications of protein expression in the liver of pikeperch larvae fed different PL contents, highlighting the importance of these nutrients and their influence on metabolism processes and on stress response.
The present study aimed to assess changes in the protein expression profile in the liver of 110 pikeperch larvae to address the metabolic processes at a cellular level. The liver was chosen 111 because it is the principal site of proteins, lipids and carbohydrates metabolism. We used the 112 2D-DIGE (two dimensional differential in-gel electrophoresis) technique (Unlu et al., 1997) , to 113 analyze the effects of phospholipid supplementation in the diet on the liver proteome of 34 days 114 old pikeperch larvae. 115 116
Materials and methods 117 118

Fish and diets 119
Pikeperch (Sander lucioperca) larvae were obtained from a private hatchery (Viskweekcentrum 120
Valkenswaard, The Netherlands) and transferred to INSTM (Institut National des Sciences et 121
Technologies de la Mer, Tunisia). The larvae were acclimated in two 500 L tanks (20-22°C) and 122 fed from mouth opening (day 4 post hatching, ph) ad libitum each hour from 8:00 to 20:00 h, 123 with newly hatched small size Artemia nauplii (AF, INVE Belgium). On day 10 ph, the larvae 124 were transferred to the experimental unit in a recirculating system containing 12 cylindroconical 125 tanks of 60 L each (20 larvae L -1 ). Four tanks were randomly assigned to each experimental 126 group. Temperature and dissolved O 2 were maintained at 21-23°C and above 6 mg L -1 , 127 respectively, with water exchange of up to 100% h -1 . 128
From day 10 to day 34 ph, larvae were fed one of three isoproteic and isolipidic microdiets 129 (Table 1 ) formulated according to the patent WO0064273 and containing modified levels of 130 soybean lecithin and cod liver oil to obtain three diets with increasing PL content: 1.5 (PL1), 4.7 131 (PL5), and 9.5% (PL9). The fatty acid composition of the three diets PL1, PL5 and PL9 were 132 detailed in For the proteomic analysis, 10 larvae per tank (40 per treatment) were collected on day 34 and 141 immediately stored at -80 °C. Later, the larvae were dissected on a glass maintained at 0°C and 142 whole liver was extracted and immediately frozen in liquid nitrogen and kept at -80°C until 143
analysis. The individual liver weights were 2.3±0.3, 2.8 ±0.4 and 3.2±0.5 mg, for PL1, PL5 and 144 PL9 larvae, respectively. 145 146
Protein extraction and CyDyes labelling 147
Proteins were extracted in 1:10 w:v lysis buffer (7 M urea, 2 M thiourea, 4 % CHAPS, 30 mM 148 Tris), and cells were lysed by 2 x 10 s sonication on ice. Following lysis of samples, the soluble 149 protein fractions were harvested by centrifugation at 12 000 x g for 15 min at 4°C. The pH of 150 the protein extract was adjusted to 8.5 by addition of the appropriate volume of 50 mM NaOH 151 and protein concentration was evaluated using the BioRad protein assay as described by the 152 manufacturer (BioRad, UK). For DIGE minimal labelling, 25 µg of protein were labelled with 153 200 pmol of fluorescent amine reactive Cyanine dyes freshly dissolved in anhydrous dimethyl 154 formamide following the manufacturer's recommended protocols (GE Healthcare). Labelling 155 was performed on ice for 30 min in the dark and quenched with 1mM lysine for 10 min on ice. 156
Cy3 and Cy5 were used to label samples as described in table 3, while a mix sample composed 157 of equal amounts of proteins from each replicate was minimally labelled with Cy2 and was used 158 as the internal standard. The 3 labelled mixtures were combined and the total proteins (75 µg) 159 were added v: v to reduction buffer (7 M urea, 2 M thiourea, 2% DTT, 2% CHAPS, 2% IPG 4-7 160 buffer) for 15 min at room temperature. 161 162
Protein separation by 2 dimensional electrophoresis 163
Prior to the first dimension separation of proteins, IPG strips (24 cm, pH 4-7 ; GE Healthcare) 164
were rehydrated overnight with 450µl of a rehydration solution (7 M urea, 2 M thiourea, 2% 165 CHAPS, 0.5% IPG 4-7 buffer, 2% DTT). The sample sets containing the labelled mixtures were 166 then cup-loaded onto the IPG strips and isoelectric focusing was performed on an Ettan TM 167
IPGphor II isoelectric focusing unit (GE Healthcare). Electrophoresis was run at 20°C for a total 168 of 68 000 Vh at 50 µA per strip. Prior to SDS-PAGE, focused IPG strips were equilibrated in 169 buffer (50 mM Tris, 6 M urea, 30% glycerol, 2% SDS, pH 8. Labelled proteins were visualized using a Typhoon 9400 Imager (GE Healthcare) at three 178 specific wavelengths (488 nm for Cy2, 532 nm for Cy3, 633 nm for Cy5). Resolution was of 179 100 µm. The PMT was set to ensure a maximum pixel intensity between 40 000 and 60 000 180 pixels. Image analysis was performed using the DeCyder BVA 5.0 software (GE Healthcare). 181
Briefly, the Differential In-Gel Analysis (DIA) module co-detected (about 2500 spots for each 182 co-detection) and differentially quantified the protein spot intensity in each image, using the 183 internal standard sample as a reference to normalize the data. At a second step, the Biological 184
Variation Analysis (BVA) was used to calculate ratios between samples and internal standard 185 abundances by performing a gel-to-gel matching of the internal standard spot maps for each gel. 186
Protein spots with intensities analyzed as significantly different (p<0.05) using a Student's t-test 187 for independent samples, were considered to correspond to proteins differentially expressed 188 between PL1/PL5, PL1/PL9 and PL5/PL9 treatments. 189 190
Preparative gels 191
To identify the differentially expressed proteins, preparative gels were run prior to spot excision 192 and mass spectrometry analysis. The same protocol as described above was followed except that 
Growth 246
At the end of the experiment, final mean weights of larvae ranged from 160 to 240 mg (table 4) . 247
Both mean weights and SGR were significantly influenced by the dietary PL content 248 (P=0.0002), the phospholipid-rich PL9 diet clearly favouring the growth of the larvae. 249 250
Protein expression profile 251
The effects of the 3 tested PL contents on protein expression profiles were assessed by running a 252 total of 6 gels as described in Table 3 pattern are presented in table 6. Under our stringent conditions, the FDR remained at 0 % for 262 each identification, and 7 proteins were identified on the basis of a single hit peptide at p<0.01. 263
All Mascot scores were highly significant and allowed a reliable identification. 264 Among these identified proteins, 4 decreased and 2 increased in abundance with variations of 265 1.2 to 2.4 for PL5 vs PL1. For PL9 vs PL1, 3 proteins were under-expressed (1.1 to 3.6 fold) and 266 4 were over-expressed (1.2 to 1.5 fold). Lastly, for PL9 vs PL5, only one protein decreased in 267 abundance (1.3 fold) while 4 increased in abundance (1.2 to 1.7 fold). 268
In PL9 treatment, over-expression was observed for both sarcosine dehydrogenase (SrDH) and 269 vinculin (spots number 416 and 518, respectively) compared to PL5 and PL1 larvae. Propionyl 270
Coenzyme A carboxylase (PCCA) and peroxiredoxin-1 (Prx1), (spots 596 and 1918, 271 respectively), were over-expressed in PL9 (1.37-fold and 1.49-fold, respectively) and in PL5 272
(1.20-fold and 2.42-fold, respectively) compared to PL1. Three other spots were identified as 273 pyruvate carboxylase (PC) (spots 193, 216, 504). All of them were between 1.33 and 1.68-fold 274 over-expressed when comparing PL9 to PL5 treatment (p<0.01 except for spot 193, notsignificant), while no significant difference was observed when comparing PL9 to PL1 276 treatment. Correlatively, a decrease ranging from 1.32 to 1.61-fold (p<0.05 for spot 193, not 277 significant for spots 216 and 504) occurred in PL5 compared to PL1. 278
On the other hand, some protein spots showed lower abundance in larvae fed with high PL 279 levels. Fructose biphosphate aldolase B (AldoB) and glutathione S transferase M (GSTM) were 280 under-expressed in PL9 (3.60-fold and 1.17-fold, respectively, p<0.01) and PL5 (2.34-fold and 281
1.24-fold, respectively, p<0.05) compared to PL1, while no significant difference was pointed 282 out between PL9 and PL5. A similar pattern of expression occurred for a phosphoglucomutase 1 283 (PGM1), identified on the basis of 5 highly significant peptides. For this latter protein, high PL 284 levels seem to decrease its abundance compared to PL1, even if only PL5 showed significant 285 results (p<0.05). Lastly, larvae fed with PL9 showed a decrease in abundance for a protein 286 In order to get a better insight in the mechanisms involved, we compared liver protein 294 expression profiles in young pikeperch (day 34) fed with increasing levels of phospholipids 295 during their larval development. Proteome analysis using the quantitative 2D-DIGE method 296 revealed differential expression of 56 proteins. Among them, 11 protein species were identified 297 for a total of 9 different proteins. Some of them were related to the primary metabolism: AldoB 298 (glycolysis), PC (3 spots) and PGM1 (glycogenolysis-glycogenesis), whereas amino-acid 299 metabolism seems to be also affected as indicated by the differential expression of SrDH. 300
Another group of proteins was related to the cellular response to stress in general and to 301 oxidative stress in particular (GSTM, GRP75 and Prx1). Finally, one structural protein, vinculin, 302 was also identified with success. All identified proteins are normally present in the liver. 303
Vinculin, which is usually expressed in muscle, has already been shown to be expressed in liver 304 (Kawai et al., 2003) . 305 306
Proteins involved in energy metabolism 307
In all species, the liver is the major organ of energy metabolism and particularly 308 gluconeogenesis (Knox et al., 1980) . In fish liver, glycolysis is mostly concerned by providing 309 precursors for biosynthesis of varied molecules rather than by producing pyruvate for oxidation 310 (Guillaume et al., 1999) . 311
In the liver of PL1 larvae, AldoB was highly over-expressed compared to PL5 and PL9 larvae. 312
This glycolytic enzyme, found in liver and kidney, converts fructose 1,6 biphosphate into 313 dihydroxyacetone phosphate and glyceraldehyde phosphate characterized by a net gain of 314 energy. This result may reflect that the energy allocated to the primary metabolism was 315 relatively more important in PL1 larvae, which were the smallest larvae. In a similar study, an 316 over-expression of aldolase in rainbow trout was reported with a soyprotein rich diet (Martin et 317 al., 2003) . The authors considered that this was most likely a reflection of increased metabolism 318 and general turnover of the proteins as well as energy demand occurring in these fish compared 319 to fish fed with fish protein diet. In a same way, the PL9 larvae of the present work showed the 320 highest growth, even though the three experimental diets were iso-energetic. This indicates that 321 PL9 larvae had the ability to allocate a larger amount of nutrients and energy into tissue 322 formation, which may reflect that higher PL level in the diet could improve its assimilation. in PL9 larvae compared to PL5 while no difference appeared between PL1 vs PL9 on the one 359 hand, and PL1 vs PL5 on the other hand. We observed that another spot (193) was significantly 360 under-expressed in PL5 compared to PL1 group. PC is a gluconeogenic and lipogenic enzyme 361 that catalyzes the ATP-dependent and irreversible carboxylation of pyruvate to oxaloacetate 362 which can be utilized for glucose, fat or amino acids synthesis as well as for neuronal 363 transmitters (Wallace et al., 1998) . A reduction of PC activity in PL5 larvae might be expected 364 to decrease gluconeogenesis and Krebs cycle as it was reported for juvenile hybrid tilapia (Shiau 365 and Chin, 1999). In the absence of a clear trend concerning the reduction of PC activity 366 (significant only in PL5 larvae) it is difficult to conclude about PL role on this enzyme. Further 367 studies are required to understand the interaction between dietary PL level and PC activity. 368 369
Proteins involved in oxidative and cellular stress 370
It is known that fish tissue and commercial diets formulated with marine fish oils (rich in n-3 371 PUFA) can be altered by peroxidation (Stephan et al., 1995) . PL1 diet was the richest in n-3 372 PUFA. Nevertheless, peroxidation of all the diets seems unlikely due to the supply of vitamin E 373 and C known for their antioxidant effect, the good condition of storage and use of the diets 374 The mitochondrial GRP75, a protein belonging to the HSP70 family was significantly over-387 expressed in PL1 and PL5 larvae compared to PL9. This family of proteins is known to regulate 388 the correct assembly of newly synthesized proteins as well as the refolding of denatured proteins 389 and thus are often referred as molecular chaperones (Fink, 1999) . The induction of HSP 390 expression due to biotic and abiotic stress has been shown for several fish species like zebrafish 391 . We may assume the same hypothesis for pikeperch larvae. 396
Moreover, the oxidative stress seems to be also related to the fatty acid composition of the diet. 397
Indeed, high n-3 diets increased incidence of oxidative stress in the liver of Atlantic salmon 398 
Other proteins 412
SrDH (spot 416) was significantly over-expressed in PL9 larvae compared to the other groups. 413
This mitochondrial enzyme is involved in the oxidative degradation of choline to glycine and 414 related to the metabolism of methionine (Finkelstein, 1998) . Sarcosine is reported to be formed13 from dietary intake of choline. Knowing that phosphatidylcholine is the essential component of 416 phospholipids in these diets, and that PL9 diet contained the highest level of 417 phosphatidylcholine, we could expect a higher expression of SrDH in PL9 larvae. 418
Finally, phospholipid level in the diet has affected the expression of a structural protein. 419 Vinculin is a protein responsible of cellular adhesion, rarely reported in fish species (Costa et 420 al., 2003) . Its over-expression in PL9 larvae (compared to PL5 and PL1 larvae) may be related 421 to their higher growth and with the major role of PL in the membrane structure. Moreover, it 422 seems that acidic phospholipids (phosphatidic acid, phosphatidylinositol, phosphatidylserine) 423 may play a role in regulating the activity of vinculin (Weekes et al., 1996) . 424 425
Conclusions 426 427
To our knowledge, this study is one of the first to rely on a proteomic approach to unravel some 428 of the molecular effects of diet composition in a commercial fish, the pikeperch. This global 429 approach highlighted the alteration in the protein expression profile due to different dietary PL 430 contents and fatty acid profiles. The identified proteins are involved in several cellular 431 processes, with a majority of them implicated in intermediary metabolism (glycolysis and 432 gluconeogenesis). Methionine metabolism was also concerned, as well as structure and stress 433 status. These results can be related to the growth and priorities in the energy expenditure in 434 larvae, but can also depend upon their fatty acid composition (related to the diet composition). is the probability that the sequence match is a random event. For all identifications, the FDR has been calculated as 0 %. 
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